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Abstract
The piston ring-cylinder liner contact is a major source of the total parasitic losses in an internal
combustion engine. The lubrication regime formed in this contact is critical to the amount of
friction, oil consumption and wear that occurs. In this work, a reciprocating test rig combined
with an ultrasonic film thickness measurement system was used for the tribological investigation
of the piston ring-cylinder liner contact. Furthermore, a numerical model has been developed for
all lubrication regimes to predict the film thickness and friction. A special piston ring and cylinder
liner holder were designed and five sensors were glued on to the back side of the liner specimen.
Ultrasonic reflections captured by the sensors, used to obtain the film thickness and friction were
continuously recorded as the piston ring reciprocated over the liner. Several experiments have been
performed at different speed and load conditions. The experimentally measured film thickness and
friction are compared with the output from the numerical model and good correlation is found.
The parameters affecting the accurate measurement and simulation of film thickness and friction
are then discussed.
1 Introduction
The piston ring-cylinder liner conjunction in an
internal combustion engine is very important for
the automotive industry in the drive to increase
engine efficiency and achieve the emission re-
duction targets proposed by authorities. Piston
rings operate in a range of tribological condi-
tions, from the boundary to hydrodynamic lu-
brication regime. The operating temperature
reaches about 200°C or more, and the piston
speed varies from zero to up to approximately 20
m/s, depending on engine type. At these condi-
tions, the piston rings should provide a mechan-
ical seal between the combustion chamber and
engine crankcase, conduct the heat of the pis-
ton to the water-cooled cylinder liner, and also
distribute the lubricating oil along the cylinder
liner. The optimum lubrication of the piston
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rings is necessary to reduce the friction and also
limit oil consumption.
Andersson [1] showed the distribution of fuel
energy usage for a medium sized passenger car
and reported that the piston assembly is a major
source of losses and responsible for about 40-50%
of the total mechanical losses during an urban
cycle. Other work [2] showed that the piston ring
contribution to the entire friction loss is 19% in
a light duty vehicle. Many laboratory tests have
been carried out to measure frictional losses be-
tween the piston assembly and cylinder liner us-
ing the ‘floating liner’ method [3, 4, 5] or ‘indi-
cated mean effective pressure’ (IMEP) method
[6, 7]. However, there are several drawbacks to
these techniques. Intensive modifications and in-
strumentation of the test engine inevitably in-
crease the time and the cost of laboratory tests.
They also do not give a clear picture for the con-
tributions to frictional losses of the individual
parts (i.e. piston rings or piston skirt). Partic-
ularly in a fired engine, there are many factors
effecting the lubrication of the piston assembly
such as blow-by, dynamics of the piston and ring
and thermal deformations.
As an alternative method, simplified test rigs
have been developed to investigate the piston
ring lubrication mechanism and the related fric-
tion phenomena. The designs of these test rigs
are wide ranging and depend on the focus of the
research. Although whole piston and cylinder
liner assemblies have been used in certain de-
signs [8] a typical test rig configuration consists
of segments of a piston ring and cylinder liner
where one of them reciprocates and the other is
kept stationary [9, 10, 11, 12]. These components
are tested for different operating parameters, i.e.
speed, load, viscosity and lubricant rate. Since
most of these parameters are controllable, bench
tests provide detailed information about how the
different parameters influence the piston ring lu-
brication.
Akalin and Newaz [12] developed a recipro-
cating test rig to simulate the engine piston ring
and liner contact. A ring holder was modified
from the ring holder design developed by Hart-
field et al. [13]. Friction force between the piston
ring and liner was measured using strain gauges
placed on a cantilever beam connecting the ring
holder to a loading arm. They also developed
a mixed lubrication model to predict the lubri-
cation and friction characteristic of the piston
ring and liner contact. The results highlighted
that temperature, surface roughness and run-
ning speed were important parameters for iden-
tifying the lubrication regime. However, nor-
mal load had a slight effect on the friction co-
efficient under the simulated mixed lubrication
condition. In general, the analytical results and
the bench test results were well matched. Like
Akalin, Bolander et al. [11] developed a test rig
to correlate with a numerical model of the pis-
ton ring-liner interface. However, in their design
a three axis force transducer was used to measure
the normal, tangential and side loads generated
on the piston ring segment. Depending on the
test rig operating conditions, the entire range of
lubrication regimes, from boundary to full-film
hydrodynamic lubrication, were observed at dif-
ferent points in the stroke. As expected the high-
est friction occured in the mixed and boundary
lubrication regimes.
The lubricant film formed between the piston
ring and cylinder liner is very thin and the mea-
surement of this essential variable is difficult. In
literature, several methods have been applied to
measure oil film thickness in piston rings such as
capacitance [14, 15, 16], resistance [17] and the
laser induced florescence method [18, 19]. All
of these methods have some degree of success;
2
however, these methods require the need to pen-
etrate the cylinder liner in order to access the
ring-liner conjunction.
The ultrasound technique is based on sens-
ing the reflections from the ring-liner contact;
therefore the ultrasonic sensors do not have to
be mounted flush with the inner liner surface.
Post grinding of the liner could be enough to
place the sensors on the liner. This provides
localised non-invasive measurements. Recently,
the method was applied to a motored engine
to measure the film thickness between the pis-
ton ring and cylinder liner [20]. However, there
occured a resolution problem due to the sen-
sor size (i.e. the ultrasound pulse was emitted
over a larger area than the piston ring contact).
In this study, smaller piezo-electric sensors were
used to enhance the spatial resolution and the
piston ring-contact was simulated using a Plint
high frequency reciprocator. The average mini-
mum film thickness was measured at five differ-
ent locations and the ring-liner friction force was
measured over the entire cycle. Furthermore, an
all-regime numerical model is used to predict the
pressure profile, film thickness and friction force.
The experimental results were compared to the
numerical predictions.
2 Test Apparatus
In this section the test equipment, instrumen-
tation and test specimens will be introduced as
well as the perparation of the ultrasound sensors.
2.1 Piston Ring-Liner Simulator
In this work a Plint TE-77 high frequency re-
ciprocating tribometer combined with an ultra-
sonic pulsing system. The TE77, schematically
shown in Fig. 1, is a flexible tribometer that has
been used in several other piston ring-liner wear
studies [13, 21]. The machine configuration in-
volves a special adapter oscillated mechanically
over a fixed liner section. The adapter retain-
ing a section of piston ring is loaded against
the liner section by a spring balance through a
lever and stirrup mechanism. The normal force
is transmitted directly onto the moving speci-
men by means of a needle roller cam follower on
the adapter and the running plate on the load-
ing stirrup. The oscillations are produced by
a variable speed motor with an eccentric cam,
scotch yoke and guide block arrangement. A
stable oscillating frequency is maintained by a
tacho generator feedback system. The whole as-
sembly is mounted on flexible supports, which
allowed free movement in the horizontal recip-
rocating axis. A stiff piezo-electric force trans-
ducer connected to the assembly measures the
friction force in the reciprocating direction. Due
to the liners horizontal position, it is useful to
identify the dead centres where the oscillating
ring stops. The dead centre closest to the fric-
tion sensor is named top dead centre (TDC) and
the one closest to the adapter mounting hole is
named bottom dead centre (BDC) in this work.
2.1.1 Test Specimens
In this study, a pair of cast-iron liner and ring
segments from a heavy duty diesel engine were
used to create the contact. The liner specimen
was cut from a production cylinder liner with a
bore diameter of 130 mm. The liner specimen,
50 mm in length and 20 mm in width, has a
cross-hatched surface finish typical of the hon-
ing process, as illustrated in Fig. 2. Both the
cylinder liner and piston ring have been run-in
in a fired engine prior to these tests. The pro-
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Figure 1: Plint TE-77 simulated piston ring-liner
contact schematic.
Figure 2: 3D image of cylinder liner surface used
in the tests, measured with a Confocal micro-
scope
duction engine piston ring was sectioned into a
length of 45 mm and a thickness of 3 mm. The
piston ring has an asymmetric barrel shaped face
as illustrated in Fig. 3.
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Figure 3: Piston ring profile measured by a pro-
filometer with a Gaussian filter applied
2.1.2 Conformability of the Ring-Liner
Contact
Consistent conformability between the piston
ring and cylinder liner is necessary from test
to test. In the engine, the ring is able to con-
form due to its inherent tension and freedom to
move. However, in simulated test rigs, the un-
compressed piston ring (the diameter of the ring
is bigger than the diameter of the liner) would
mean that in it’s free state the piston ring would
only make contact at the edge of the liner. To
prevent this, a special ring holder manufactured
from an original production piston was designed
and attached to the adapter (see Fig. 4). The
conformability of the ring-liner contact was ad-
justed by two slotted plates located at either side
of the ring holder and a grub screw in the centre
which pushed the ring from behind. The liner
specimen was held in the lubricant bath and se-
cured by six grub screws allowing for axial and
lateral alignment of the liner. Fujifilm Prescale
pressure measuring film was used to check the
conformability of the contact. The Fujifilm pa-
per indicating the stages of the ring-liner con-
tact from the initial to final set-up are shown in
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Figure 5: Fujifilm Prescale pressure measuring film used during the conformability adjustment,
from the initial attempt (left) through to the conformal contact (right).
Figure 4: Piston Ring Adapter and Holder, (a)
Piston Ring sections, (b) Cylinder liner section
with ultrasonic transducers attached to the back
side, (c) Oil bath and cylinder liner holder, (d)
Ring adapter.
Fig. 5. The progress of obtaining conformability
is clear from the initial to final set-up. The ring-
liner contact was initially unconformal such that
a more dense pink colour appeared at the right
hand-side of the liner, indicating a higher con-
tact pressure. After a few adjustments, a more
conformal contact where the colour is evenly dis-
tributed over the liner surface has been obtained.
2.2 Ultrasonic Sensors
10 MHz piezoelectric crystals with a width of 1.3
mm and a length of 2.5 mm were used to generate
ultrasonic waves. The bonding surface should be
free from pits and irregularities and the back of
the liner sample was therefore ground to provide
a flat mounting surface for the piezo-crystal sen-
sors. An epoxy resin formulated specifically for
bonding strain gauges was applied and five piezo-
crystal sensors were glued on to the back side of
the liner by means of a guidance template in-
dicating the sensor positions. The electrodes of
the sensor were connect to a small coaxial ca-
ble, with a diameter of 0.4mm, and covered by a
layer of silicone.
These five ultrasonic sensors placed at the
back of the liner were almost equally distributed.
The central sensor was positioned at the middle
of the stroke by adjusting the liner holder’s grub
screws located in the axial direction. Thus, the
ultrasonic sensors were kept in the stroke area
swept by the piston ring and they were able to
record the oil film data at five locations between
the dead centres. The sensor positions over the
liner are given in Table 1 where the measure-
ments are taken relative to TDC.
5
Table 1: Sensor’s location over the stroke
Distance from TDC (mm)
TDC 0
S
en
so
r
N
u
m
b
er
1 1.42
2 4.08
3 7.27
4 10.40
5 13.28
BDC 15.00
2.3 Instrumentation
An ultrasonic pulsing unit embedded into a ded-
icated computer was used. This unit consists of
an ultrasonic pulsing and receiving card (UPR)
which is equipped with 8 channels and a maxi-
mum achievable pulse rate of 80 kHz on a soli-
tary channel. Receiver gain range is between -
40 db and +110 db and the receiver bandwidth
is from 0.1 to 25 MHz. Each of the ultrasonic
sensors was individually connected to the puls-
ing unit, totalling 5 channels with a pulse rep-
etition rate of 15 kHz for each. The sensors
were excited by short duration high voltage sig-
nals and thus ultrasonic pulses were generated.
These pulses propagated through the liner speci-
men. The system operated in a pulse-echo mode,
meaning that the reflected pulses from the ring-
liner conjunction were also received by the sen-
sors. Ultrasonic reflection signals were digitised
at 100 MHz with a 12 bit resolution. The digi-
tised data was recorded to hard disk in binary
file format and then a post-processing software
program translated the data to oil film thickness.
The piezo-electric transducer (Kistler type 9203)
with a range of ±500 N and normal sensitiv-
ity of 50 pC/N was used to measure the friction
Table 2: Properties of the lubricant used in the
tests.
Density, ρ 843.4 kg/m3
Kinematic Viscosity at 40°C, µ 37 cSt
Kinematic Viscosity at 100°C, µ 6.5 cSt
Longitudinal wave velocity, c 1440 m/s
force. The charge amplifier (Kistler type 5007)
converts the charge produced by the transducer
into proportional electrical signals with a resolu-
tion of 0.001 N. The transducer was calibrated
with a known load before the experimental stage.
Friction data output was logged to the computer
hosting the ultrasonic pulsing unit.
2.4 Lubricant
The lubricant used in this study was a pure base
oil. The physical properties of the lubricant are
given in Table 2. The liner specimen was fully
immersed in a pure base oil without an addi-
tive package. This does not represent the real
lubricant condition in the engine, which would
normally be significantly less. However, it en-
sures that the inlet is fully flooded allowing for
good, accurate comparisons with the numerical
model. It also assists in maintaining a stable
temperature of the liner surface during the short
tests. The oil bath temperature was logged at
a stable 22°C throughout the tests. The ASTM
D31 equation was used to calculate the lubricant
viscosity at 22°C;
log(log(µ+0.7)) = A−B · log(T +273.15), (1)
where ν is viscosity, A and B are constants and
T is temperature. Using the values in Table 2,
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A = 8.8686 and B = 3.4743, giving a viscosity
of 85.66 cSt or 0.072 Pa · s.
3 Ultrasonic Oil Film Measure-
ment
In this section the method for processing the ul-
trasound signals will be discussed.
3.1 Background
The proportion of an ultrasonic pulse that is
reflected from a perfectly bonded interface is
known as the reflection coefficient and varies
with the acoustic properties of the matching ma-
terials. This proportion is given by Eq. (2),
where z1 and z2 are the acoustic impedance of
the materials either side of the interface.
R12 =
z1 − z2
z1 + z2
(2)
However, the ring-oil-liner layer can be modelled
as a quasi-static spring. Tattersall [22] demon-
strated that the reflection coefficient of a thin
layer was given by;
R =
(z1 − z2) + iω/K(z1z2)
(z1 + z2) + iω/K(z1z2)
(3)
where ω is the angular frequency of the ultra-
sonic wave (2pif) and K is the stiffness of the
interfacial layer. If the layer consists of a liq-
uid, the stiffness of the layer depends on its bulk
modulus and thickness (K = B/h). The bulk
modulus can be written in terms of the speed
of sound, c, and density, ρ, of the layer material
(B = ρc2). This gives,
K =
ρc2
h
(4)
This stiffness can be used in the quasi-static
spring model for identical materials either side
of the interface (z1 = z2) then equation Eq. (3)
becomes:
h =
ρc2
pifz
√
|R|2
1− |R|2
(5)
where |R| is the modulus of the reflection co-
efficient. This relationship gives the layer thick-
ness in terms of reflection coefficient and acoustic
properties of the oil and materials either side of
the interface. More detail about ultrasound film
thickness measurements can be found in refer-
ence [23].
Experimentally, as the sensor is coupled to a
test specimen, some of the incident wave is trans-
mitted forward and the remainder is reflected
back. The reflection coefficient can be obtained
by,
R =
Ar
Ai
(6)
where Ai is the incident wave amplitude and
Ar is the reflected wave amplitude. However it
is difficult to measure the incident pulse. Hence
in practice it is convenient to record a reflection
from the liner-air interface, called the reference
interface, because most of the acoustic energy
emitted from the sensor is reflected back due to
a high acoustic mismatch between the materials.
Therefore the reflected wave is almost equal to
the incident wave. Eq. (6) shows that for such
an interface, R tends to one. This ultrasonic ap-
proach has been used previously to monitor the
condition of a lubricant film in machine elements
[24, 25, 26].
3.2 Data Analysis
The ultrasonic reflections captured by the sen-
sors were continuously recorded as the test was
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in progress. In this section, only the data cap-
tured by sensor 1 has been used to explain the
data processing technique. The same procedure
has also been applied to the other sensors to ob-
tain the oil film thickness. Fig. 6a shows reflec-
tions from the liner specimen in the time domain.
The first pulse (I) is a combination of reflection
from the back side of liner and sensor initiation.
The second pulse (II) is reflected from the in-
ner side of liner. This ‘II’ pulse is isolated from
the rest of the signal and successively recorded
during the test. Before starting the test, the
reference pulse from the liner-air interface was
recorded. Fig. 6b shows two reflections, the ref-
erence pulse and ring pulse recorded as the ring
passes over the sensing area, superimposed on a
single graph. The amplitude of the signal de-
creases because some of the ultrasound energy
passes through the oil into ring.
Fig. 6c shows a sample of these successive sig-
nals as the piston ring reciprocates over the liner.
In the figure, each trough, where the pulses are
reflected from the piston ring, corresponds to
one of the ring traversals over the sensor area.
A fast Fourier Transform (FFT) was performed
on the reference pulse and each of these succes-
sive reflected pulses. Thus diving all FFT am-
plitudes of the successive pulses by the ampli-
tude of reference pulse gives the reflection co-
efficient spectra (i.e. R versus f). The centre
frequency was used to determine the reflection
coefficient. Fig. 6d shows the reflection coeffi-
cient against pulse number. In the figure, each
trough, where the pulses are reflected from the
piston ring, corresponds to one of the ring travels
over the sensor area. It is seen that the piston
ring has passed over the sensing area six times
and there are two repetition intervals between
the troughs, short and long, since the sensor 1 is
close to the TDC. The lubricant film thickness
can be obtained by substituting the reflection
coefficient data into the spring model, Eq. (5).
Fig. 6e shows the oil film thicknesses which were
obtained from the data given in Fig. 6d. One
ring passage has been represented by approxi-
mately 100 pulses (see Fig. 6f) and this number
depends on pulsing rate of the ultrasonic system
and the ring reciprocating speed.
4 Numerical Model
A numerical model of the experiment has been
developed in order to predict both the film thick-
ness and friction that is also measured experi-
mentally. As it is assumed that the piston ring-
cylinder liner contact runs in the mixed lubri-
cation regime for at least some of the stroke, a
model must be developed that calculates both
the hydrodynamic film pressure and asperity
contact pressure.
As the contact profile is converging-diverging,
some cavitation will occur along the trailing edge
of the ring. In order to solve the Reynolds equa-
tion incorporating cavitation, a modified version
of the Giacopini et al. [27] mass-conserving cav-
itation algorithm was used. More precisely, a
two dimensional time dependent solution of the
averaged Reynolds equation was formulated as
a Linear Complimentary Problem (LCP) where
the film thickness was replaced with flow factors,
∇ · (A0∇p0)− λ∇ · (B0)− γ
∂
∂t
(
h¯
)
+λ∇ · (rB0) + γ
∂
∂t
(
rh¯
)
= 0
p0 > 0
r > 0
p0r = 0
(7)
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Figure 6: Data analysis graphs for Sensor 1: (a) a typical waveform showing the reflections from
liner specimen, (b) extracted pulses from the inner side of the liner, (c) successively recorded pulses
as the piston ring reciprocates, (d) reflection coefficient at centre frequency, (e) oil film thickness,
(f) close-view of one ring passage over the sensing area.
where A0 and B0 are flow factors calculated ac-
cording to the method found in [28], p0 is the
averaged film pressure, r is the complimentary
variable and λ and γ are constants (defined in
the nomenclature). h¯ is defined as;
h¯ = h0(t) +
1
l1l2
∫
hr(x, y)dy (8)
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where h0 is the separation between the piston
ring and cylinder liner, hr is the liner roughness
(see Fig. 2) and l1 and l2 are the length and
width of the roughness measurement. For the
boundary conditions, p0 and r were defined as
zero at the inlet, outlet and sides on the contact.
The LCP problem, Eq. (7), was solved using
the finite difference method where the p0 terms
were central differenced and the r terms upwind
differenced. The solution domain was divided
into 50 by 10 nodes (50 in the entraining direc-
tion, 10 across the width) which was found to
make the film thickness and friction independent
of grid size.
The problem is considered smooth on the solu-
tion domain and the surface roughness is incor-
porated in the flow factors, A0 and B0. These
are calculated using the technique described in
[28] over the liner surface illustrated in Fig. 2.
It is assumed that the piston ring is smooth in
comparison to the cylinder liner surface. When
the surfaces come into contact the deformation
is found using a boussinesq-type elasto-plastic
contact mechanics model. The whole technique
is described in detail by Sahlin et al. [29, 30] and
will not be repeated here.
The problem was divided into 100 time steps.
Increasing the number of time steps did not af-
fect the solution. At each time step the crank
angle (θ) was found and then the velocity of the
piston ring was calculated from Eq. (9):
U = piNs · cos (θ) , (9)
where N is the rotational speed of the Plint ma-
chine inHz and s is the stroke. Once the velocity
is known a force balance is solved where the film
thickness is calculated which balances the ap-
plied load with the hydrodynamically supported
load and the load supported by asperity con-
tact (from the contact mechanics model [29, 30]).
Once this is complete the problem can be incre-
mented one time step and the process repeated.
As Eq. (7) is time dependent and therefore de-
pends on the previous time step the solver must
be run through approximately 1.1 full cycles for
convergence to be reached with the previous cy-
cle. Convergence is assumed when the film thick-
ness and derivative of film thickness is within 1%
of the previous cycle.
Friction (ftot) is calculated as the sum of vis-
cous friction fhyd and boundary friction fbd.
Boundary friction is calculated as;
fbd = η
∫
Ω
PCPdA (10)
where η is the dry friction coefficient and PCP
is the average asperity contact pressure, found
from the contact mechanics model. The dry fric-
tion coefficient, taken as 0.192, was found by
running a reciprocating test with no lubricant
present. Hydrodynamic friction is calculated as;
Fhyd = −
∫
Ω
µU
(
1¯
h
+ 6c11
)
−
((
−
h¯
2
+ d11
)
∂p0
dx
+ d12
∂p0
dy
)
dx
(11)
where h¯ is the average separation and c11, d11
and d12 are flow factors calculated as described
in [29, 30].
5 Results and Discussion
In this section the film thickness measured with
ultrasound will be presented as well as compar-
isons of film thickness and friction with the nu-
merical model.
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Figure 7: Typical measurement result travels on the liner
5.1 Measured Film Thickness
If an array of the successive pulses of interest (i.e.
pulse (II) in Fig. 6a) individually captured by the
sensors is analyzed, the film thickness values at
the fixed sensor locations can be obtained. These
film thickness values can be superimposed on a
single graph. Fig. 7 shows the measurements of
film thickness as the ring reciprocates at 2.5 Hz
under a normal load of 80 N. In the figure, the
ring starts its travel from TDC to BDC, thus it
is initially captured by sensor 1 (i.e. close to
TDC). As the ring moves from one sensing area
to the next, the other sensors detect the ring re-
spectively. This roughly provides an overview
of lubricant film formation over the stroke. It
is notable that the film thickness data from cy-
cle to cycle was very repeatable. The horizontal
axis in the figure is given in terms of pulse num-
ber, however this could be converted to time if
the pulse rate (indicating how many ultrasound
pulses are sent through the liner specimen in a
second) is known. In this case the pulse rate is
2000 pulses per second. This was also confirmed
because it can be seen in the figure that two and
half cycles were observed in one second at 2.5 Hz
(2.5 rev/sec).
During testing, there were some blurring ef-
fects on the measurements, especially in the case
of the ring travelling from BDC to TDC. This
is because the interface between the ring and
liner is not homogenously filled with lubricant
due to cavitation occuring. If the oil is partly
depleted under the sensing area, this leads to
more ultrasound reflected from the interface due
to an air-oil mixture in the contact (i.e. resulting
in bigger reflection coefficients) and the impres-
sion of greater film thickness measurements be-
ing recorded. The ring profile is not symmetric,
but has a different diverging shape in each di-
rection which influences the lubricant condition
in the contact and how much cavitation occurs.
The ring was installed in the ring holder with the
greater converging shape facing towards BDC.
Because of this profile, normally a higher film
thickness would be expected on the down stroke
from TDC to BDC. However, because there is
a far larger cavitating region on the up stroke,
from BDC to TDC, the ultrasound recorded an
anomalously high film thickness in this direction.
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Figure 8: Measured film thicknesses for one com-
plete cycle: (a) starved and (b) flooded contact
conditions under 60 N at 2.5 Hz.
A test was carried out by providing a smaller
amount of oil into the contact to show the effect
of oil availability on the measurement. The re-
sults taken from starved and flooded conditions
are both given in Fig. 8a and Fig. 8b.
Under the same loading and reciprocating
speed, the blurring of the ultrasonically mea-
sured ring profiles was more visible for the
starved condition. Additionally, cavitation
which occurs in the diverging part of the contact
is responsible for this blurring of the profile. The
non-symmetric barrel shaped piston ring leads to
a different size of the cavitation region according
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Figure 9: Minimum film thickness for down
stroke (Normal load: 80N, reciprocating speed:
2.5 Hz)
to the direction of the stroke [31]. The cavitation
region on the down stroke is considerably less
than that on the up stroke because the diverging
part of the ring is much smaller in down stroke
than in the up stroke. This can be seen in Fig. 8b
where the small blurring for the up stroke was
also observed in the fully flooded contact test.
The inhomogeneous film layer (air-oil mixture)
was the main source of the noise in the signal,
leading to thicker films being recorded during
the up stroke. In this study, the down stroke
data exhibits far less blurring (noise) and been
used for comparison with the numerical model.
It was concluded that the up stroke data cannot
be considered reliable due to excessive cavita-
tion. An example of the minimum oil film thick-
nesses (MOFT) measured by the sensors is given
in Fig. 9 where the MOFT data represents the
mean value of a series of cycles and the standard
deviation gives an indication of cycle to cycle
variation. As illustrated in the figure, towards
sensor 3 where lubricant entrainment speed is
highest, the oil film thickness becomes largest
due to the hydrodynamic lift of the piston ring.
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5.2 Comparisons between Experi-
mental and Numerical results
In the following section the results from the nu-
merical model will be compared with the values
measured experimentally, firstly in terms of fric-
tion and then oil film thickness.
5.2.1 Friction
In this section the total friction calculated from
the simulations, a combination of both bound-
ary and hydrodynamic friction, is compared with
the friction force measured from the force trans-
ducer in the experiment. Fig. 11 gives a compar-
ison of the experimental and simulated friction
for two different operating conditions, both with
the same speed of 15Hz but with a low load of
40N and a high load of 100N. Fig. 12 again com-
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Figure 10: Comparison of experimental and sim-
ulated friction for a constant speed of 15Hz and
loads of 40N and 100N.
pares experiment and simulation, but this time
with a constant load of 60N and a low speed of
10 Hz and a high speed of 17.5 Hz. Analysing the
results, it is noticeable that there is a large differ-
ence in film thickness around TDC, or 0° crank
angle. In the simulation, boundary lubrication is
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Figure 11: Comparison of calculated and mea-
sured friction for a constant load of 60N and
speeds of 10 Hz and 17.5 Hz.
predominant until approximately 35° crank an-
gle when the sliding speed becomes sufficiently
high to allow for the surfaces to become fully
separated by the hydrodynamic affect. At this
point the boundary friction contribution dramat-
ically reduces and only the viscous friction com-
ponent is left, giving the sudden drop in friction
force. However, in the experiment the friction
force drops far more quickly at approximately
15° crank angle. It is proposed that this is due to
the dynamics of the test rig, leading to stick-slip
occurring. When the sliding speed approaches
zero at TDC, the ring comes into asperity con-
tact with the liner and friction increases dramat-
ically. As the ring sliding speed increases again,
the ring ‘sticks’ and then suddenly ‘slips’ due to
the difference in static and dynamic coefficients
of friction. This can be evidenced by the ‘rip-
pling’ that occurs as the friction suddenly drops.
During the midstroke the lubrication is pre-
dominantly hydrodynamic and there is a much
closer match between simulation and experi-
ment. Any difference here is most likely caused
by an inaccurate value of lubricant viscosity be-
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ing used in the simulation, as this is an estimate
at 22° C based on the provided lubricant data.
At BDC, or 180°, as the friction increases
again there is less difference between experiment
and simulation as was present at TDC, with the
values matching well. This is probably because,
due to the asymmetric ring profile, there is a
larger film present on the downstroke and so at
BDC the film thickness is greater (due to the
squeeze effect) and so the issues encountered at
TDC with the very low film thickness are less
prevelant.
5.2.2 Film thickness
In this section the minimum oil film thickness
calculated with simulation, and measured at the
five sensor locations, is compared. Fig. 12 illus-
trates this data at a constant speed of 10Hz with
a low, medium and high load. From Fig. 12 it
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Figure 12: Comparison of calculated and mea-
sured film thickness at a constant speed of 10Hz
and loads of 40N, 120N and 200N.
can be seen that the experimental data correlates
reasonably well with simulation. In general, the
simulation overestimates the minimum oil film
thickness when compared to the experiment. It
is suggested that the predominant reason for this
is due to the value of viscosity used in the sim-
ulation, as was mentioned previously when dis-
cussing the friction results. It is unknown ex-
actly what the effective viscosity was in the con-
tact. For example, it is inevitable that some
shear heating of the lubricant will take place dur-
ing sliding and this increase in temperature will
reduce the viscosity of the lubricant. A lower
viscosity would cause lower film thicknesses, as
shown experimentally.
Another source of error is the assumption of
contact geometry. Although this was measured
accurately (see Fig. 3) and the ring adapter was
aligned to make sure it sat flat and parallel with
the liner sample, it is possible that there could
be some small misalignment leading to a slightly
different ring profile, giving different converging
and diverging shapes and therefore a slightly dif-
ferent film thickness.
Also, it must be remembered that the ul-
trasound technique must assume a density and
speed of sound in the lubricant in the contact,
which are assumptions from the bulk properties
and may introduce some errors in the calculation
of film thickness.
6 Conclusion
Reciprocating tests have been performed be-
tween a section of piston ring and cylinder liner
with the following conclusions;
1. Ultrasound proves an effective way of mea-
suring film thickness, an invaluable aid for
understanding the lubrication regime in a
tribological contact and for validating sim-
ulations.
2. Cavitation occurs in the contact which can
adversly effect the ultrasonic measurement
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of film thickness, however this is detectable
in the reflection coefficient profile and only
affected the tests in one sliding direction.
3. The numerical simulation matched well with
the experimental data, however the result is
sensitive to the value of viscosity used and
this is somewhat unknown in the contact.
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